The aerosol single-scattering albedo (SSA) over the global ocean is evaluated based on polarimetric measurements by the PARASOL (Polarization and Anisotropy of Reflectances for Atmospheric Sciences coupled with Observations from a Lidar) satellite. For the first time, global ocean SSA and Absorption Aerosol Optical Depth (AAOD) from this instrument are shown and evaluated against other observations (the Aerosol Robotic Network, AERONET, and the Ozone Monitoring Instrument, OMI). The observational data sets compare reasonably well, with the majority of the colocated points within 0.05 of the AERONET measurements. PARASOL shows that SSA is characterized by high spatial and seasonal variability, also over the open ocean far from the inland emission regions. The near global coverage in the visible spectral range provided by the PARASOL retrievals represents a unique opportunity to evaluate aerosol optical properties simulated by global aerosol models, as performed in the Aerosol Comparisons between Observations and Models (AeroCom) framework. The SSA (AAOD) estimated by the AeroCom models is generally higher (smaller) than the SSA (AAOD) retrieved from PARASOL. On the other hand, the mean simulated aerosol optical depth is consistent or slightly underestimated compared with observations. An overestimate of the aerosol scattering, compared to absorption, by the models would suggest that these simulate an overly strong aerosol radiative cooling at top of atmosphere, over most of the ocean surfaces. This implies that aerosols have a potentially stronger direct and semidirect impact within the atmosphere than currently simulated.
Introduction
Atmospheric aerosols influence the Earth's energy budget by scattering and absorbing radiation ("direct effect") and in multiple other ways, for instance by perturbing the albedo of clouds and their lifetime ("indirect effect"). Estimates of both effects are hampered by large uncertainties and make the largest contribution to the overall uncertainty in the radiative forcing causing climate change [Myhre et al., 2013b] .
The former effect, referred to as the direct radiative effect of aerosols (DREA), can be calculated based on the difference between radiative fluxes in the absence and presence of aerosols [Loeb and Manalo-Smith, 2005] . Negative (positive) values of DREA at top of atmosphere (TOA) indicate that the climate system is cooled (warmed) by the aerosols. Radiative perturbations within and below the aerosol layers are also relevant to climate, because these can affect the temperature structure of the atmosphere, cloud formation, and persistence ("semidirect effect") [e.g., Hansen et al., 1997] . In absence of clouds, DREA depends on the aerosol optical properties, primarily optical depth (AOD) and single scattering albedo (SSA), and on the surface albedo. The columnar AOD quantifies the total extinction of a light beam interacting with aerosols and is related to their amount. The SSA, defined as the ratio of the scattering to the total attenuation, provides an indication of the relative abundance of absorbing aerosol components. Generally, purely scattering aerosols (e.g., sea salt) enhance the backscattering of solar radiation to space, resulting in negative DREA, i.e., cooling effect.
Full use of the information supplied by PARASOL is made possible using novel retrieval algorithms that consider a continuous space of aerosol properties [Hasekamp et al., 2011; Dubovik et al., 2011] , in contrast to the more traditional standard aerosol retrieval approach. In this study we use the PARASOL observations processed with the algorithm described in detail by Hasekamp et al. [2011] . A recent work by Russell et al. [2014] has employed the same data to successfully classify various aerosol types. Here we run this algorithm for 1 year (2006) , exploring global clear-sky ocean coverage SSA that is, for the first time, available from polarimetric measurements. The resulting aerosol optical properties are evaluated against ground-based measurements (section 3) and compared with OMI-Aura observations in section 4. In the second part of this study (section 5), the novel PARASOL products are used to evaluate aerosol optical properties simulated by various global aerosol models, participating in the AeroCom (Aerosol Comparisons between Observations and Models) project. AeroCom is an international effort that documents differences of global aerosol models and assembles data sets for aerosol model evaluations [Schulz et al., 2009] . Finally, in section 6 we present our concluding remarks.
Data
We process (i.e., interpolate and regrid) daily mean values of AOD and AAOD from different sources for year 2006. The SSA is then computed as
2.1. PARASOL PARASOL provides aerosol properties by performing multiangle, multispectral photopolarimetric measurements at (up to) 16 viewing geometries in nine spectral bands ranging from 0.44 to 1.02 μm. Aerosol retrievals are performed at 18 × 18 km 2 resolution with nearly global coverage in 2 days. For this study Collection 2 of the PARASOL L1B data is used. The combination of spectral-directional and polarized signature supplies a very strong constraint to invert the aerosol load and characteristics. The derived column atmosphere aerosol properties are generated employing an improved version of the Hasekamp et al. [2011] algorithm, for clear-sky conditions in 2006 over the oceans. Improvements in the algorithm include the consideration of nonspherical particles for the coarse mode and the use of more spectral bands, from two (0.49 and 0.67 μm) to four (0.49, 0.67, 0.86, and 1.02 μm unpolarized). The retrieved parameters at these four wavelengths are then reported at the remaining PARASOL bands, assuming the complex refractive index being independent of wavelength. Finally, a quality filter is applied to the retrieval results based on a goodness-of-fit criterion between measured and modeled radiances, with 2 < 10. The quantity 2 is defined as
where N is the number of measurements, F i stands for the forward model vector element i, y i is the measurement vector element i, and i the corresponding uncertainty. This filter has also the effect of disregarding cloud-contaminated pixels, as described in detail in Stap et al. [2014] . The resulting retrieval pixels of AOD and AAOD are averaged, using their median values, on a global grid. SSA is then computed based on these two quantities.
AERONET
Aerosol Robotic Network (AERONET) is a worldwide network of automatic Sun-and sky-scanning ground-based measurements [Holben et al., 2001] . Column-integrated SSA is retrieved at four wavelengths ranging from 0.44 to 1.02 μm, while AOD is reported on more bands . The estimated accuracy of this data set is within ±0.01 and ±0.02 for AOD and AAOD and generally within ±0.03 for SSA associated with AOD 0.44 larger than 0.4 Mallet et al., 2013] . We primarily use the AERONET version 2 level 2.0 product, which reports cloud screened and quality assured data. When needed, analyses using level 1.5 are also shown. Unlike level 2.0, level 1.5 reports SSA also for AOD 0.44 ≤ 0.4, which increases significantly the number of colocated points between PARASOL and AERONET. It should be noticed that larger uncertainties for SSA (> ±0.03) are expected at low AODs. The level 1.5 product is similar to level 2.0, but data are not quality assured. Several preprocessing and postprocessing criteria were required for both levels, more stringent for the latter. Data from level 1.5 are used here with the additional criterion that the solar zenith angle must be ≥50 ∘ (as is the case for level 2.0).
OMI-Aura
In this study the OMAERUV Level 2 Collection 003 V1.4.2 product [Jethva et al., 2014] is used as an independent data set, providing the global pattern of SSA. The information on aerosol absorption in OMI measurements comes, to a large extent, from the interaction with Rayleigh scattering in the UV spectral region [Torres et al., 2013] . In this data set AOD and AAOD are derived based on the reflectances measured by the OMI instrument onboard the Aura spacecraft at 0.39 μm. The retrieved parameters are also reported at 0.35 μm and 0.50 μm. We use only values over the ocean associated with the algorithm quality flag 0, which are considered to be the best in accuracy.
AeroCom Models
We use data from seven models contributing to the AeroCom phase II intercomparison project experiment A2-CTRL-06 [Schulz et al., 2009] . These are the seven models with daily output available in the AeroCom portal for this type of experiment. Models were run in their standard configurations, constrained by meteorological conditions for year 2006 and prescribed aerosol precursors emissions for 2006 or previous years. The emission data sets are based on modelers' choices. Table 1 gives an overview of the models used (see Myhre et al., 2013a , for more details on the model characteristics). Daily outputs from the AeroCom models were regridded onto a 3 ∘ × 2 ∘ regular longitude × latitude grid, which is the coarsest native grid among the models analyzed.
In order to make a fair comparison with the AeroCom models, PARASOL observations are regridded onto the same 3 ∘ ×2 ∘ grid and interpolated at the same wavelength (0.55 μm). The AOD and AAOD are interpolated by natural log function using the nearest available wavelengths. SSA is then computed based on these two quantities. Sample differences are eliminated by considering only daily model outputs where PARASOL data are available.
Evaluation of PARASOL-Derived Aerosol Optical Properties
The AERONET data set provides the benchmark for the PARASOL evaluation. Coincident points between the two observations are identified when the distance is less than 55 km and within a time window of ±1 h for AOD and ±3 h for SSA. Figure 1a shows AOD from the colocated PARASOL and AERONET points at their original wavelengths. The statistical scores reveal very good agreement between the two data sets, which is better at longer wavelengths. More than two thirds of the PARASOL AOD points are found to be within the absolute difference of ±0.05 with AERONET AOD. Robust agreement between the two observations is also found for SSA (Figure 1b ). PARASOL exhibits a small positive bias, which is reduced at longer wavelengths. Overall, PARASOL observations appear able to capture the spectral variability of SSA and AOD, typical of smoke, mineral dust, and industrial aerosols.
Since at large aerosol loading the inversion algorithm used in AERONET is expected to be more robust and accurate, due to stronger absorption signal, we calculate the absolute difference in SSA between PARASOL and AERONET as a function of AERONET AOD 0.67 (Figure 1c Figure 1d . The spread of the differences between the two observational data sets is larger for lower AODs, but the mean of the differences remains within the ±0.05 uncertainty level. As far as AAOD is concerned, Figures 1e-1f show that the majority of points representing the difference between the two measurements is within ±0.03 for both AERONET levels 2.0 and 1.5. The differences become somewhat larger with increasing AOD. We attribute this to the fact that high-AOD events are concentrated in plumes and thus are less homogeneous than lower AOD cases. As a result, the spatiotemporal averaging is likely affected by more sampling-related discrepancies.
The geolocation of the coincident AERONET-PARASOL points in Figures 1a-1c and 1e is shown in Figure 2 , yearly averaged. The colocated values of AOD from PARASOL are often very similar to the AERONET AODs and do not exhibit significant bias (Figure 2a ). In line with the ground-based observations, PARASOL captures regional changes in aerosol load. For instance, point locations close to North Africa, Arabian Peninsula, and eastern China identify major aerosol source regions, while the point locations in the Southern Hemisphere exhibit low AODs, associated with more pristine environments. Regarding SSA, PARASOL compares favorably with AERONET and is well capable to reproduce a reasonable SSA range between 0.8 and 1.0 (Figure 2b ). Very close agreement is found in North America and Korean peninsula. In the other point locations, notably in Europe, PARASOL tends to overestimate SSA. Figure 3 shows RMSD and the number of colocated points contributing to the annual means in Figure 2 .
Discrepancies between the two data sets may arise from uncertainties specific of the PARASOL and AERONET observations, from the intrinsic differences between the instruments and in the diagnostics used to compare them. AERONET AOD is derived exclusively from direct-Sun extinction measurements several times per day, while AERONET SSA is retrieved through a combination of direct-Sun and sky-scan data associated with approximately 5 km radius region around the measurement station . On the other hand, PARASOL acquires data about once a day over a much larger area (18 × 18 km 2 ). As a result, the primary uncertainty in this evaluation arises from sampling differences. In addition, satellite retrievals over ocean are always further away from the land and thus from the main pollution sources than AERONET sites. The underlying assumption (in the comparison with AERONET) is that the aerosol properties are uniform within 55 km away from the coast. Moreover, different constraints characterize the retrieval algorithms in AERONET and PARASOL. The former assumes 22 size bins for size distribution and the refractive index does not depend on size, whereas the latter assumes a bimodal approach and the refractive index can differ with size modes. Other uncertainties include differences in the instrument calibration and intrinsic information content of the measurements.
As far as PARASOL-related uncertainty is concerned, despite multiangle measurements facilitating the screening of cloud-contaminated pixels, thin cirrus can bias the aerosol product . Given the size of the 18 × 18 km 2 footprint, subpixel clouds cannot be completely avoided and the goodness-of-fit criterion used to flag successful retrievals may not exclude thin cirrus [Stap et al., 2014] . Additional sources of uncertainty may arise from the assumptions in the retrieval algorithm, such as the assumed aerosol layer height and the approximation of wavelength independence of the complex refractive index.
Despite being among the best data sets for this type of analysis, the AERONET measurements themselves bring a certain degree of uncertainty. The AERONET SSA is expected to be accurate within ±0.03 . Many researchers found good agreement within this uncertainty between AERONET and in situ data [Johnson et al., 2009; Schafer et al., 2014] . However, other studies comparing airborne in situ measurements with AERONET SSA documented larger discrepancies by more than 0.04 [Leahy et al., 2007; Osborne et al., 2008] . Finally, validating PARASOL SSA over ocean is challenging, because of the very few coincident events meeting the AERONET high AOD and high solar zenith angle acceptance criteria. Longer time series than the single year used in this study would help to acquire better statistics to average out sampling anomalies. In conclusion, bearing in mind the fundamentally different ground-based and spaceborne approaches, the PARASOL and AERONET results can be considered in close agreement within the uncertainty in the sensors and diagnostics.
Spatial Patterns of Aerosol Optical Properties
The PARASOL retrieval measurements are now shown on a 1 ∘ × 1 ∘ grid. The AOD 0.44 map ( Figure 4a ) depicts a well-known pattern, with maxima associated with the major aerosol emissions from Africa and Eastern Asia, followed by plumes of particles due to atmospheric transport in the downwind direction. The magnitude and distribution of AOD is in line with observations based on the other main satellites [cf. Remer et al., 2009] .
For the first time, global coverage SSA based on polarimetric measurements is available and shown in Figure 4b . The oceanic SSA 0.44 map from PARASOL exhibits a very different pattern from that of AOD. By definition, SSA is independent of the aerosol load and can be regarded as a proxy for the aerosol relative composition. Most of the aerosol absorption is from BC and, to a lesser extent, from organic matter and dust. Biomass burning regions are important sources of absorbing aerosols, where typical values of SSA range between 0.80 to 0.95 [Abel et al., 2003; Eck et al., 2013; Sayer et al., 2014] . Observations detect the highest SSAs in the Southern Oceans at extratropical latitudes, where sea salt is dominant. In contrast, lower values around 0.90 are found west of the continents in the subtropics. This appears related with the transport to the adjacent oceans of absorbing fine particles originating from biomass burning, soil matter, and industrial pollution in western North America, South America, central and southern Africa and Australia. The annual mean wind at 850 hPa (Figure 4b ) supports the argument that due to persistent large-scale circulation conditions, such as those associated with the trade winds, absorbing aerosol plumes substantially influence SSA, also far away from their emission sources. Along the intertropical convergence zone in the Pacific Ocean, SSA rises to higher values, likely associated with the strong water uptake taking place in these humid environments, typical of deep convective regimes. Deep convective conditions are also typical in the Indonesian region [e.g., Lacagnina and Selten, 2013] . This area is characterized by extensive fires contributing to much of the local aerosol emissions [e.g., Gras et al., 1999] . Indeed PARASOL detects high AODs (Figure 4a ) but also relatively high values of SSA (Figure 4b ), despite smoke being expected to be generally strongly absorbing. The higher SSA detected by PARASOL over Indonesia, compared to other biomass burning regions, is consistent with the findings of Gras et al. [1999] and Sayer et al. [2014] . They noticed that the Indonesian smoke is significantly less absorbing than the adjacent smoke from Australia, because of different combustion phases and material burnt. Moreover, the typical high humidity characterizing the Indonesian area may also contribute to moderate low SSAs, through water uptake processes. On the other hand, the typical cloudy conditions characterizing this area decrease sensibly the number of clear-sky pixels observed by PARASOL, and some scenes identified as cloud-free may also be affected by subpixel cirrus, biasing the PARASOL retrievals. In addition, sampling differences among the grid boxes lead adjacent areas to be represented by different days, hence different aerosol events. The distribution of the number of observations is shown in Figure 4c .
Other features peculiar of the PARASOL SSA map are the remarkably low values (< 0.85) west of Greenland, in part due to pyrogenic carbon emissions across Canada [French et al., 2008] , and around the Patagonian region, in part owing to the transport of dark soil dust in that area [Prospero et al., 2002; Ginoux et al., 2004] . We do not have a clear explanation about why the retrieval algorithm should fail specifically in these small regions. The very low aerosol loadings, typical in these areas (Figure 4a ), may affect the retrieval results, because of the low aerosol contribution to the radiative fluxes observed from space. However, this would not explain a systematic low scattering only for these areas. Straightforward solutions, such as processing retrievals with 10.1002/2015JD023501 more stringent quality filters (e.g., lower 2 thresholds) or setting a larger minimum number of pixels required for filling a grid box, do not change these peculiarities and reduce the global coverage of the data (not shown).
Finally, the Hasekamp et al. [2011] algorithm provides the retrieval error of various aerosol parameters, which can be used to assess the uncertainty of the PARASOL measurements. Since the retrieval of aerosol microphysical properties from space is expected to be more robust at large aerosol loading, Figure 5 shows the mean retrieval error of SSA as a function of AOD at different wavelengths. The retrieval error is within reasonable limits for any AOD bin but decreases sharply for AOD > 0.2, suggesting that PARASOL retrievals are more accurate closer to the aerosol emission sources, where the aerosol loading is the largest.
Comparing PARASOL and OMI-Aura SSA
In order to get more insights into PARASOL SSA, we now inspect global maps from an other independent data set with larger spatial coverage than AERONET, namely the OMI-Aura satellite observations (Figure 6 ). We calculate SSA through AOD and AAOD interpolated to 0.44 μm by natural log function, using the nearest available wavelengths. Exact agreement between PARASOL and OMI-Aura is not expected, because of sampling differences (different filtering criteria, compare Figure 4c with Figure 6b ) and because of relevant differences Figure 2b between Korea and Japan (labeled in AERONET as "Gosan_SNU," "Anmyon," and "Shirahama"). Dashed lines delimit the different meteorological seasons.
in the retrieval algorithms and in the information content of the observations. These include the completely different spectral windows used (visible in the former versus near UV in the latter) and the different measurements (multiangle polarimetric versus intensity only, more details in section 2). It is worth noting that because of the difficulty in distinguishing the ocean color effects from those of low aerosol concentrations in the UV spectral range, OMI-Aura reports observations over the oceans only when absorbing aerosols (dust is also strongly absorbing in the UV window) are present in sufficient amounts [Torres et al., 2013] . Therefore, the OMI-based method has a preference for strong aerosol events of, for example, desert dust outbreak and biomass burning [Veihelmann et al., 2007] . Furthermore, OMI-Aura is based on intensity-only measurements; hence, more information needs to be prescribed (according to location and month of the year) in the retrieval algorithm, compared to PARASOL.
Figures 4b-6a show similarities and differences, but both reveal the rich structure of SSA, due to local differences in the aerosol composition. Both observational data sets detect similar emission sources of absorbing aerosols. These areas are often associated with biomass and fuel burning, such as in India [Duncan et al., 2003] , the Sahel and central Africa [Yang et al., 2013] , northern Australia [Gras et al., 1999] , and California [Cazorla et al., 2013] . These absorbing plumes are transported in the downwind direction and diluted by mixing with other, more scattering, aerosol types. Furthermore, these absorbing particles undergo water uptake and aging processes, becoming more and more scattering, depending on the ambient humidity levels. In the tropical free-troposphere, wet removal and relative humidity are much lower in subsidence regimes than in deep convective areas. These mechanisms are largely consistent with the lower SSAs detected over most of the subtropical oceans and higher SSAs in the convergence zones in both the observational data sets. Moreover, the aerosols downwind of the Sahara, and the Arabian peninsula are primarily mineral dust leaving the deserts. Consistently, both PARASOL and OMI-Aura show scattering plumes in these areas, stronger for the latter instrument.
Notable disagreement is found off the coasts of Northeast Asia and further away in the North Pacific, around 35 ∘ N, where PARASOL observes larger SSA values. This region is characterized by a complex environment of aerosols, where dust and sea salt mix with local sulfate and BC pollution generated from vehicle emissions, coal burning, and industrial activities [Eck et al., 2005] . As a result, a mixture of fine, coarse, absorbing, and scattering particles gives rise to a challenging environment for remote sensing observations. A more detailed comparison for this area is shown in Figure 7 . Daily measurements from the different sensors are colocated in space (within 55 km), but not in time. The SSA and AAOD trends depicted by PARASOL and OMI-Aura are in reasonable agreement with AERONET. PARASOL is well capable to detect peaks of strong absorption, but many values associated with an important aerosol event in spring have been filtered out by the goodness-of-fit criterion. Analyses with more loose quality filters, show that the points screened out are associated with high AOD and often low SSA in PARASOL (not shown). This suggests that some data indicating high aerosol load are dismissed. This partly explains the higher mean SSAs in Figure 4b than in Figure 6a . An other possibility is that the prescribed aerosol information (according to climatology) in the OMI-Aura algorithm is not optimal for this location. Veihelmann et al. [2007] pointed out that this constraint is very loose and has a preference for biomass burning aerosols. Eastern Asia experienced a strong increase of nitrogen and sulfate during 2006 with respect to the previous years [Zhang et al., 2009; Lamsal et al., 2011] . This may result in higher than expected aerosol scattering in this region.
In order to minimize sampling differences between PARASOL and OMI-Aura observations, Figure 8 shows the zonal means of the SSA distribution displayed in Figures 4b and 6a but considering only retrievals available simultaneously in both data sets. Despite both satellites being separated by a few minutes along their flight tracks, the different filtering criteria and retrieval techniques leave few coincident points. As a result, the zonal mean trends appear very scattered, particularly at higher latitudes. However, PARASOL and OMI-Aura observations compare favorably and exhibit the closest agreement over the tropical belt.
Comparison of PARASOL Observations With AeroCom Models
The global coverage provided by PARASOL in the midvisible range represents a unique opportunity to compare observed SSA and AAOD with values simulated by global aerosol models, as performed in the AeroCom framework. Figure 9a shows the spatial variation of SSA retrieved by PARASOL. A striking feature is that absorbing aerosols substantially influence SSA over the ocean far away from their emission sources. This feature is not captured by the AeroCom models (Figure 9b ), where SSA is low only close to the emission sources. The SSA values in the Bay of Bengal and central-west Africa are the most consistent between observations and simulations. Higher SSAs are found in the Southern Ocean, where sea salt is dominant, both in PARASOL and in the models. Overall, the spatial distribution of SSA is pretty uniform in the models and exhibits values higher than in PARASOL. Lower values are found in the area over Indonesia and off coasts of China. As discussed above, the area close to Patagonia and west of Greenland have very small SSAs that are unexpected and might be associated with retrieval artifacts. However, these low values are of marginal importance from a radiative perspective, given the associated low AOD and high latitude. The radiative impact of the differences between PARASOL and AeroCom models can be better interpreted by inspecting the AAOD maps (Figures 9d-9f ) . In general, satellite retrievals attest stronger AAOD than the models at all latitudes, with larger discrepancies in the tropics. However, these differences can be either positive or negative at the regional scale. The PARASOL AAOD exhibits a clear maximum close to central-west Africa, with plumes extending further offshore. AeroCom models simulate weaker and less extended AAOD. Large biases in this region were also found by Kinne et al. [2006] . Opposite departures are present over Indonesia. Both regions are dominated by biomass burning, but smoke optical properties are known to be different [Eck et al., 2013; Gras et al., 1999] . Since models specify the same optical properties of organic carbon all over the globe, PARASOL-AeroCom differences suggest that simulations do not capture the diversity of smoke in these regions. Other large departures between AeroCom models mean and PARASOL AAOD are found close to India, where the retrievals reveal stronger aerosol absorption. It is worth noting that the strips of low PARASOL SSA in the subtropics (Figure 9a ) are negligible in the related AAOD map (Figure 9d ), indicating that the radiative impact of these aerosols is small. ( Figures 9g and 9h) . A likely explanation is that models underestimate the sulfate and nitrogen load in this area, leading to lower SSA values than in PARASOL. The strong increase of these aerosol types during 2006 compared with the previous years [Zhang et al., 2009; Lamsal et al., 2011] may not be captured by the models.
Moreover, large disagreement also exists among the models, as shown by the zonal means of SSA, AAOD and, to a lesser extent, AOD in Figures 5c, 5f , and 5i. GOCART simulates the highest absorption values, very close to PARASOL in the Northern Hemisphere. This is partly driven by the higher absorption of dust in this model compared with observations, particularly important at the latitude of Sahara [Buchard et al., 2014] .
As far as AOD is concerned, models and observations show very similar patterns, with the former exhibiting lower values than the latter (Figures 9g-9i) . Consistent with Kinne et al. [2006] , AeroCom models and observations show general agreement for AOD and strong diversity for aerosol absorption.
Seasonal Variability of SSA
Seasonal maps of SSA from PARASOL and AeroCom models mean are shown in Figures 10 and 11 . PARASOL reveals that low SSAs are more common during seasons December-February (DJF) and June-August (JJA) in the Northern and Southern Hemispheres, respectively (Figures 10a and 10c) , while mean SSA is the highest during MAM, globally. This behavior is in agreement with the reanalysis outputs shown by Su et al. [2013] .
AeroCom models simulate much weaker absolute seasonal variability of SSA, variations are found exclusively in close proximity to the major emission sources. Consistent with the observations, models simulate peaks of low SSAs off the coasts of central-west Africa during JJA, associated with biomass burning [Eck et al., 2013] . Unlike PARASOL, the related SSA plume remains very close to the emission sources. The area surrounding India (Southeast Asia) experiences the lowest scattering during DJF (March-May (MAM)) both in the retrievals and in the simulations. This is in agreement with previous studies [Duncan et al., 2003; Pochanart et al., 2003] and is due to seasonal biomass and biofuel burning. Low-retrieved SSAs in North America during JJA can be linked to forest fires taking place when lightning strikes occur more frequently [Skinner et al., 2000] . Lightning accounts for over three quarters of total area burned [Weber and Stocks, 1998 ]. AeroCom models simulate higher SSAs in this area, regardless of the season (Figures 10 and 11 ).
Other areas experience seasonal variation in aerosol scattering. For instance, the central Atlantic Ocean is characterized by biomass burning smoke from tropical Africa during boreal winters, while dust from the Sahara is present most of the year [Yu et al., 2010] . Consistently, PARASOL retrieves the lowest values of SSA during DJF and higher values in the other seasons, associated with mineral dust outbreaks. During boreal spring and summer Caribbean islands are known to be influenced by dust from the Sahara [Kaufman et al., 2005] , which is detected by extended plumes of high SSA by PARASOL (Figure 10c) . No appreciable seasonal changes in aerosol scattering are simulated by the AeroCom models for the same area. An other important aerosol location is Northeast Asia. This area is influenced by a complex mixture of particles. During DJF and MAM mineral dust mixes with the local anthropogenic pollution [Eck et al., 2005] . This situation is not clear from the PARASOL SSA and may be due to retrieval errors or physical reasons discussed in section 4. In any case, AeroCom models mean SSA is characterized by very weak absolute seasonal changes. Overall, the most striking discrepancy between AeroCom and PARASOL is the different spatial and temporal variability of the absorbing aerosols in the subtropics. As discussed in the previous section, we interpret this pattern as a consequence of persistent large-scale atmospheric conditions. This is supported to a large extent by OMI-Aura observations (Figure 6a ). An additional evidence of the weak absolute seasonal variability of SSA and AAOD compared to the observations is shown in Figures 11e and 11f (cf. dashed and solid black lines). As for the spatial variability in the previous section, we highlight the high diversity existing among the models. The GOCART model simulates the largest temporal changes, but peaks are opposed to PARASOL.
In order to streamline the discussion, we do not describe all the regional differences between AeroCom models and PARASOL SSA. As discussed above, the observations contain a certain degree of uncertainty and some areas need further analyses for a correct interpretation of the PARASOL product (e.g., Patagonia and north Canada). On the other hand, the weak absolute variability of SSA in the models, both in terms of spatial structure and seasonal changes, appears difficult to reconcile with the satellite observations. We stress that models simulate similar seasonal values of SSA in certain areas (i.e., central Africa and India) compared with PARASOL and consistent temporal variations. However, the SSA plumes in these areas do not extend further offshore as much as in the observations. This points to deficiencies in model parameterizations over most of the oceans. These are not necessarily associated with shortcomings in the aerosol transport but could also be related to the way the optical properties are calculated. For instance, usually models assume that aerosols are externally mixed (Table 1) , which may underestimate the absorption enhancement of coated BC particles. Recently, Curci et al. [2014] have shown that all things being equal, SSA is much lower when BC coating is considered.
Biases in modeled SSA can be the result of deficiencies in several processes. Previous studies [Kinne et al., 2006; Yu et al., 2010] argued that global aerosol models underestimate the contribution of tropical biomass burning smoke. Consistently, we show that the largest departures from the observations arise from the tropical belt. Bond et al. [2013] claimed that BC absorption is often underestimated by models, partially due to the assumed mixing state of BC [Curci et al., 2014] . In addition, we find large model diversity in the BC AOD contribution to the total AOD (Figure 12 ) that can partially drive the intermodel diversities in SSA. This relative contribution is the largest in the GOCART and GEOS-Chem models. Moreover, Textor et al. [2006] pointed to the erroneous atmospheric transport and deposition of the absorbing aerosols as well as misrepresentation of water uptake as additional sources for model biases. Inappropriate inventories of the aerosol emissions used for the simulations can also lead to model departures from observations [Textor et al., 2006] . Finally, biases in the imaginary part of the refractive indices can also contribute to the discrepancy between models and observations. Note that the refractive index chosen for BC in ECHAM5-HAM2 is higher than in the other models considered in this study (Table 2) . However, this model does not stand out for simulating the lowest SSA among the AeroCom models (Figure 9c ), partly because of the low contribution of BC AOD to the total AOD (Figure 12a ). 
Frequency Distribution of Aerosol Optical Properties
Most of the previous findings are summarized with histograms in Figure 13 . Figure 13a shows a frequency distribution histogram obtained by collecting all the daily SSA values from PARASOL and AeroCom models mean. As for the previous figures, we consider only daily model outputs where PARASOL data are available. It clearly follows from the histogram that the AeroCom models mean SSA is systematically higher than the SSA retrieved from PARASOL. Both the distributions resemble a lognormal function, with the skewness of the PARASOL distribution much more pronounced, resulting in a mean SSA of about 0.93, lower than the AeroCom mean SSA of about 0.97. The smaller range of the simulated SSA values highlights one of the limitations of bulk models: there is only one or a few types of dust and carbonaceous particles, and often only external mixtures are possible. In reality, dust from different regions have different mineralogy with varying amounts of absorptive characteristics [Prospero et al., 2002] . Likewise smoke absorptive properties depend strongly on combustion phases and material burnt [Gras et al., 1999] . Models specifying the same optical properties of organic carbon and dust may not capture these differences and in turn account for departures from the observed SSA.
The daily variability of the AeroCom models mean SSA (indicated by error bars) is weaker than the observed daily changes, which supports the argument that modeled SSA exhibits an overly weak temporal dependence. Figure 13a also shows the maximum and minimum global mean SSA among the AeroCom models considered (cross points). GOCART simulates SSA closer to the observations compared to the other models, in accordance with the previous findings. Results remain virtually unchanged when the small areas of unexplained features in PARASOL SSA (i.e., Patagonia and west of Greenland, see discussion in section 4) are not considered.
Positive model bias of SSA over ocean would lead to an overly negative DREA at TOA, for no bias in AOD. The radiative impact of the PARASOL-AeroCom differences can be better interpreted considering the AAOD histogram in Figure 13b . As for SSA, models underestimate the mean absorption and simulate a smaller range of AAOD values.
Since observations retrieved at low AOD have larger errors (Figure 5 ), we now consider only SSA values associated with daily PARASOL AOD > 0.2 in Figure 13d . AeroCom models simulations are also considered only where PARASOL AOD > 0.2. It is shown that the mean SSA in the observations does not change appreciably, but the temporal variability (denoted by error bars) is more pronounced. On the other hand, the highest AeroCom mean SSAs get less statistical weight, leading the mean SSA to get closer to the PARASOL mean. This highlights that the largest accumulated discrepancies between PARASOL and AeroCom models mean SSA occur over the open ocean, where AOD is typically small. The closer mean SSA between the two data sets is actually due to compensating positive (e.g., Guinea Gulf ) and negative (e.g., Indonesian area) differences between models and observations (see Figure 9 ), rather than better agreement. However, when only AAOD values associated with daily PARASOL AOD > 0.2 are considered (Figure 13e ), the differences between AeroCom mean and PARASOL become larger than in Figure 13b . This confirms that models underestimate aerosol absorption close to the emission sources, where AOD and DREA are more prominent.
The other important aerosol property controlling DREA is AOD. Figure 13c shows that the AeroCom models underestimate the mean AOD but much less than for AAOD (in a relative sense). The multimodel distribution resembles closely the distribution depicted by PARASOL. In particular, the ECHAM5-HAM2 model simulates AOD values very close to the observations, in agreement with Zhang et al. [2012] . Our findings, in terms of similar AOD and significant discrepancy in AAOD and SSA between models and observations, are consistent with and expand Kinne et al.'s [2006] results. They showed that despite the general agreement in total AOD among models and between models and observations, AeroCom models exhibit large diversities in the simulated AOD from the individual tracers. This reveals relevant intermodel differences in the partitioning between scattering and absorbing aerosol components, which is brought out when SSA is analyzed.
Summary and Discussion
Despite aerosol SSA being the biggest contributor to the total uncertainty in DREA, accurate measurement of this quantity remains challenging [Remer et al., 2009] . A recent effort aiming at providing global coverage SSA is based on multiangle multispectral photopolarimetric measurements from the PARASOL microsatellite [Hasekamp et al., 2011] . In this study we presented the first global ocean comparison of aerosol optical properties from PARASOL with other observations and model simulations.
In order to ensure correct interpretation of the results, we evaluated the novel PARASOL data set against ground-based AERONET observations. The majority of the SSA, AAOD, and AOD retrievals is within 0.05 of the AERONET measurements. Given the uncertainty in AERONET, the comparison shows rather robust performance of the algorithm employed. An accurate validation of satellite inversions over ocean is challenging, because of the very few coincident events meeting the AERONET high AOD (> 0.4) criterion to obtain a completely satisfactory sampling of SSA retrievals. Future validations with longer time series than the single year (2006) used in this study would help to acquire better statistics.
In order to get more insights into PARASOL SSA, we compared global distribution maps with an other independent data set with larger spatial coverage than AERONET, namely, the OMI-Aura satellite observations. The two space-based measurements exhibit consistent patterns, both reveal the rich structure of SSA, due to local differences in the aerosol composition. The highest SSAs are detected in the Southern Ocean at extratropical latitudes, where sea salt is dominant. In contrast, lower values are found west of the continents in the subtropics. This appears related to persistent large-scale circulation conditions, such as those associated with the trade winds, leading absorbing aerosol plumes to substantially influence SSA also far away from their emission sources. Along the intertropical convergence zones, SSA rises to higher values, likely associated with the strong water uptake taking place in these humid environments, typical of deep convective regimes.
Although the novel PARASOL product successfully provides a consistent and representative signal of the mean regional SSA, AAOD, and AOD, compared with AERONET and OMI-Aura, some unexpected results were identified. Namely, west of Greenland and close to Patagonia, where PARASOL detects remarkably low SSAs. Sensitivity tests and exploratory work motivated by these findings are underway and will be reported separately.
In the second part of this study, SSA and AAOD from polarimetric measurements over the ocean, available for the first time, were compared with global aerosol models, participating in the AeroCom project. Although models are continuously improved, the simulations analyzed represent the most recent data available for an intercomparison study of global aerosol models. The model versions correspond to 2012 state of the art, as used for the recent forcing estimate from AeroCom phase II in Myhre et al. [2013a] . Despite some models comparing better than others, the spatial distribution of the simulated SSA is rather uniform and higher, contrasted with the PARASOL observations. Lower values are found in the area over Indonesia and off the coasts of China. Furthermore, high diversity in magnitude and spatial pattern of SSA exists among the models, with GOCART simulating the highest absorption. Such a diversity is partially due to intermodel differences in simulating the BC AOD contribution to the total AOD.
At the seasonal scale, changes in PARASOL SSA are found highly consistent with the expected variability of fire events and dust outbreaks, contributing to build confidence in the novel product. On the other hand, the AeroCom models simulate much weaker absolute seasonal changes in SSA; variations are found exclusively in close proximity to the major emission sources. Overall, the models simulate much weaker absolute variability of SSA compared with observations, both in terms of spatial structure and seasonal changes.
The radiative impact of these PARASOL-AeroCom differences can be better interpreted by inspecting the AAOD maps. Satellite retrievals attest stronger aerosol absorption than the models at all latitudes, with larger discrepancies in the tropics. At the regional scale, these differences can be either positive or negative. As far as the observational uncertainties are concerned, analyses of maps of AAOD are reassuring. Because they show that the largest PARASOL-AeroCom differences, in terms of magnitude and spatial extension, origin primarily from the Gulf of Guinea, an area not associated with unexpected features in PARASOL SSA (i.e., Patagonia and west of Greenland). From a radiative transfer perspective this is important, because AAOD reveals largely where the SSA discrepancies are relevant for DREA.
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The other important factor controlling the aerosol radiative forcing is AOD. The AeroCom models simulate AOD values similar, or slightly underestimated, to the observations, in agreement with previous studies [e.g., Kinne et al., 2006] . Slightly underestimated AOD and overestimated SSA compensate to a certain extent the biases in the modeled DREA. However, sensitivity experiments demonstrate that SSA uncertainties are the leading factor affecting DREA calculations [Loeb and Su, 2010] . This evidence along with our findings suggest that current model estimates of DREA strength at TOA are biased high over most of the oceans. In addition, since DREA at the surface is enhanced at low SSA values, the aerosol cooling effect at the surface is likely underestimated in the models. This implies that aerosols exert larger direct and semidirect effects within the atmosphere to alter the atmospheric circulation, cloud processes and the water cycle than currently estimated by models. Given the consistency between PARASOL, AERONET, and OMI-Aura, it is most likely that these conclusions reflect model biases rather than observational uncertainties. Future analyses with radiative transfer calculations are needed to quantify and explore further the impact of these biases on the Earth's climate system.
According to Remer et al. [2009] , SSA needs to be much better represented in models through improving the estimates of carbonaceous and dust aerosol sources, their atmospheric distributions, and optical properties. In this respect, any effort to retrieve SSA for model evaluation deserves attention. Apart from relatively minor issues, the present analyses showed very encouraging results from the PARASOL observations. Certain regions demand further refinement to increase the confidence and credibility of the novel aerosol product. The PARASOL-based data set is currently under development to include retrievals over land and may constitute the basis for the regional to global scale assessment of atmospheric models, thereby improving and constraining simulations of key aerosol parameters.
